For lighting applications demanding high brightness, a new type of LED-based light source has been developed, the high lumen density (HLD) source (luminance > 2·10 9 cd/m 2 ). The performance can be improved further, among other things by optimizing the concentrator used as extraction optics. For this optimization, much insight is obtained by ray-tracing simulations. The efficiency can be improved by more than 20% if a high-index concentrator could be used. Furthermore, it is possible to optimize the shape of the concentrator. For a low-index (n ≈ 1.5) concentrator, the light leakage can be reduced, but the gain in useful light is only marginal. For a high-index (n ≈ 1.8) concentrator, the gain in useful light amounts to a few percent.
Introduction
There are a number of lighting applications demanding high lumen density (high brightness), in which gas discharge lamps are not yet replaced by solid-state lighting solutions. Examples are digital projection, spot lighting (like entertainment lighting and architectural lighting), automotive front lighting, microscopy and endoscopy. In these applications, a high intensity is required in a small étendue (essentially surface area times solid angle). Laser-based sources are increasingly being used, but they have some disadvantages like being relatively expensive. Moreover, both discharge lamps and laser-based sources degrade relatively fast. Recently [1] [2] [3] [4] [5] , we developed a new type of LED-based light source, the high lumen density (HLD) source, which is very stable and enables the mentioned applications (luminance > 2·10 9 cd/m 2 ). Similar concepts were investigated by others [6, 7] .
The core of these light sources are converter rods, which consist of transparent (i.e., non-scattering) luminescent material that converts light from blue pump LEDs (Fig. 1 ). Whereas part of the converted light will escape from the long sides of the rod, the greater part is guided by total internal reflection (TIR) towards the small end facets. At one side, a mirror is placed to redirect all light to the other small facet, where it is extracted by a solid compound parabolic concentrator (CPC). In fact, the CPC has two functions: it extracts the light from the rod and also gives the light beam a welldefined exit area and angular divergence that suit the application.
The converter rod serves as a luminescent concentrator, of which the principle is well known from its use in luminescent solar concentrators [8] [9] [10] [11] . In such a device, solar light is converted to light of longer wavelengths that is guided towards photovoltaic cells at the small sides of the concentrator plate. Whereas the éten-due of an optical system cannot be decreased in the absence of conversion, it is possible to decrease étendue in a system with conversion. It can be shown [12] that the maximum concentration in terms of radiance is
where n in and n out are the refractive indices, respectively, of the media of the incoming and outgoing light and E in and E out are the energies of the incident and converted radiation, respectively. The thermodynamic background of this is that the entropy (E in − E out )/T, associated with the heat generated in the luminescence process, can be exploited to lower the entropy of the light. The underlying microscopic cause is that the luminescent sites behave as independent sources after conversion. The conversion efficiency, defined as the ratio of the green flux emitted by the module and the blue flux emitted by the LEDs, is 0.28 for a typical HLD module [4] , consisting of a block-shaped rod made of ceriumdoped lutetium aluminum garnet (LuAG:Ce, dimensions 64 × 1.9 × 1.2 mm 3 ) with a glass CPC attached to it. Figure 2 shows the measured output spectrum from the module (red solid line), together with its absorption spectrum (blue) and its intrinsic emission spectrum (measured using a thin layer of powder, orange). The output spectrum is red shifted, since green light can be reabsorbed in the overlapping region with the absorption spectrum and subsequently reemitted.
The red dashed line shows the simulated output spectrum, obtained from ray-tracing simulations [1, 4] using the measured absorption (blue) and emission (orange) spectra as input. The simulated value for the conversion efficiency is 0.29, slightly more than the experimental value.
The main reasons for this relatively low conversion efficiency were discussed before [1, 4] and will be repeated briefly here. Firstly, the injection of blue pump light is not fully efficient since part is reflected and part is transmitted. The conversion in the rod from blue to green light is inevitably associated with energy loss (Stokes shift). Also, the quantum efficiency (QE) is not unity. In the used materials, the measured QE is 0.95 or higher, whereas thermal quenching can be considered as negligible. Then, the converted light is emitted isotropically. Part of it will escape from the long sides of the rod and only light emitted at angles larger than the critical angle for TIR will stay guided in the rod. Additional guiding loss occurs after reabsorption and reemission of green light and because of scatter in the material. The measured scatter length is 400 mm, resulting in only small loss in 64 mm length. Surface scatter can cause additional loss.
The converted light guided to the rod front end is extracted into the CPC. In the used module, not all light can be extracted because the CPC has a lower index than the rod. As will be discussed below, more light may be coupled out by using a high-index CPC [13] . Some additional loss may occur at the interface where the CPC is attached to the rod with glue.
Next, the light is collimated by reflection in the CPC and extracted in air from the front side. The collimation efficiency will not reach unity for a three-dimensional CPC. In the remainder of this paper, we will discuss extensively this efficiency and how it can be improved.
Methods
Simulations were performed using LightTools raytracing software ( [1] , https://www.synopsys.com/opticalsolutions/lighttools.html). The LEDs are approximated by simple rectangular sources with a Lambertian distribution. The luminescent rod material has a wavelengthdependent refractive index and absorption coefficient (cf. Fig. 2 ). The emission spectrum is approximated by that of a fine powder (cf. Fig. 2 ) and QE = 0.95. It is assumed that the volume scatter of the luminescent material is described by a Henyey-Greenstein model (https:// www.synopsys.com/optical-solutions/lighttools.html) with a scatter length of 400 mm and anisotropy factor 0.85, whereas surface scatter is neglected. The rectangular CPCs are described as crossed CPCs [14] . That is, they are constructed by intersecting two extruded CPCs, see Fig. 3 ), of which the shortest one is stretched to ensure the same length as the longest one. The other parameters are given in the Results section. The optimized concentrators are described as rectangular 'Skin Solids' with 'Skin Surfaces' described as Bézier curves. Each Bézier curve is described by three control points, two of which are coincident with the endpoints of the curve [15] . Two parameters of the center control point can be varied (see Fig. 4 ).
Receivers are placed at various positions in the system (see Figs. 5, 6, 7 and 8) , where the number of hits at the receivers is used to assess the intensity distributions at different stages. 
The mentioned conversion efficiencies have been determined in an integrating sphere (Instrument Systems) by separate measurements of the blue flux from the LED module and the green flux from the complete HLD module (at the same input electrical power). More details on the set-ups for the experimental results, as well as on the module construction, can be found in literature [1] [2] [3] [4] [5] .
Results
We first will consider a converter rod made of LuAG:Ce with a glass CPC attached to it. In the wavelength region of emission, LuAG has a refractive index n = 1.83 and the used glass has n = 1.52. The critical angle for TIR at the rod-air interface is 34 o ; the critical angle at the rodglass interface is 56 o . In a two-dimensional picture, the light guided in the rod hits the rod-glass interface at angles of at most (90 o -34 o =) 56 o and all light could be extracted in the glass CPC. In three dimensions, however, there are skew rays that are reflected, since they hit the rod-glass interface at higher angles.
To study this, we performed ray-tracing simulations on a LuAG:Ce rod with dimensions 64 × 1.9 × 1.2 mm 3 with a rectangular concentrator attached to it. To suit the (digital projection) application, the chosen aspect ratio is 19:12, the exit étendue is 16.5 mm 2 sr and the exit angle is 34 o . The concentrator is designed to have this exit angle of 34 o in air and an entrance angle θ = 90 o in glass. For an ideal concentrator, the étendue of 16.5 mm 2 sr would be conserved and hence the étendue at the concentrator entrance, n 2 A π sin 2 θ, is the same, with n = 1.52, area A = 1.9 × 1.2 mm 2 and θ = 90 o . First, we consider a concentrator consisting of two two-dimensional CPCs (Fig. 3) . The cross section with entrance width 1.9 mm is just a normal two-dimensional CPC, whereas the cross section with entrance width 1.2 mm (shown at the top of Fig. 5 ) is a stretched CPC. In Fig. 5 , simulated angular light distributions (perpendicular to the plane of drawing) are shown at different stages in the system. The distribution shown top left is that inside the CPC, which extends up to 90 o at skew angles. The corresponding étendue amounts to 21 mm 2 sr. Below it, the angular distribution of the radiation reflected back from the rod-glass interface is shown, which corresponds to a fraction 0.344 of the light reaching the front of the rod. Rays in a cone with angles up to 56 o with the front surface have been transmitted, corresponding to a fraction of 0.656. The total fraction of light in the CPC after the rod-glass interface, however, is 0.827. There is additional light because the reflected light is recycled in the rod, as can be seen from the distribution shown bottom left. Note that, after TIR to the sides, light will return with the same angle and cannot be coupled out. Due to scatter and reabsorption plus reemission, however, light can change direction. Part of it will escape from the sides, but a fraction 0.263 is found to stay in TIR, an appreciable part of which is at smaller angles than 56 o . A fraction 0.175 is reflected again and 0.088 is extracted into the glass. This will continue and add up to a total fraction 0.827 of extracted light. We consider it as non-trivial that light outside the étendue of 16.5 mm 2 sr can be forced back into a cone with half top angle 56 o . According to Eq. (1), the law of étendue conservation can be broken if light conversion occurs. In this case, the small difference between the energies of reabsorbed and reemitted light is sufficient to reduce the étendue of the reflected light. This energy shift between light before and after recycling in the rod can be observed in the spectra shown in Fig. 5 .
Next, we concentrate on the collimation efficiency of the CPC. There are two effects in a rectangular CPC that reduce the efficiency. In the first place, part of the light may leak from the CPC because it hits the surface at angles that do not yield TIR. Whereas a fraction 0.827 enters the CPC, at the end a fraction 0.808 is left and a fraction 0.019 is lost by leakage. For the second effect, we look at the efficiency of the CPC for concentrating light in the intended étendue. At the right of Fig. 5 , the angular distributions are shown at the end of the CPC in glass and outside the CPC in air. As can be seen, these distributions are more square than round. Circles are drawn indicating the aimed distribution cone with éten-due 16.5 mm 2 sr, i.e. with angles in glass up to 22 o and in air up to 34 o . The corresponding fraction within this étendue is 0.741 (in glass and 0.734 in air).
One may ask whether it is possible to improve these numbers by adapting the shape of the concentrator. To this aim, the (stretched) parabolic shapes are replaced by Bézier curves of which the shape is optimized such that it gives a maximal light fraction at the end of the concentrator within the aimed distribution cone (with angles in glass up to 22 o ). In the optimization process, the dimensions at begin and end of the concentrator were kept fixed. The resulting concentrator shape and angular distributions are shown in Fig. 6 . At the bottom of Fig. 6 , the shapes are compared with those of the CPC of Fig. 5 . The main difference is that the stretched CPC (with entrance width 1.2 mm) is replaced by a shape with higher curvature. This has the effect that less light can escape from the concentrator and indeed the light leakage is found to be reduced to a fraction 0.007 (instead of 0.019) and the fraction of light at the end of the concentrator is 0.820 (instead of 0.808). The fraction of light within the intended étendue, however, only marginally increases to 0.749 (instead of 0.741). Apparently, a relatively higher amount of light ends up outside the intended étendue.
To couple all light from the rod end into the concentrator, the refractive indices of both should be equal, that is, n = 1.83. However, since the étendue scales with the square of the refractive index of the concentrator, the dimensions of the cross sections of both rod and concentrator should be reduced by a factor 1.52/1.83 to ensure the same intended exit étendue (16.5 mm 2 sr). In Fig. 7 , simulation results are shown for the case of a rod of with dimensions 64 × 1.6 × 1.0 mm 3 and a concentrator with n = 1.83 consisting of two two-dimensional CPCs. In this case, the square angular distribution at the end of the rod (and the begin of the concentrator) has an éten-due of only 14 mm 2 sr. For the CPC, an entrance angle θ = 90 o is used to ensure that all light at skew angles is transmitted, aiming at an exit étendue of 16.5 mm 2 sr. In this case, it is found that no leakage in the CPC occurs and the fraction of light at the CPC end is 1.000. As can be seen in Fig. 7 , the resulting squarish angular distribution extends outside the cone (dashed line) with the intended étendue. Within this étendue, there is a fraction of 0.919.
Also in this case, it is possible to optimize the shape by using Bézier curves. The result is shown in Fig. 8 . In this case, mainly the shape of the side with entrance width 1.9 mm has altered. Apparently, this results in a rounder light distribution, of which a fraction 0.959 is in the desired étendue. It was found that the light leakage remains zero.
Conclusions
High lumen density sources (luminance > 2·10 9 cd/m 2 ) based on luminescent concentration of converted LED light are promising for applications demanding high brightness. There are prospects to improve the performance even more, one of which is the optimization of the concentrator used as extraction optics. For this optimization, much insight can be obtained by raytracing simulations, especially if the angular and spectral light distributions at various stages in the system is considered .
For the extraction optics, a concentrator with high refractive index is preferred. From the simulations, it can be concluded that the efficiency can be improved by more than 20% if a high-index concentrator could be used. As a first prototype, we made a high-index (n = 1.8) CPC with entrance face 1.9 × 1.2 mm 2 , attached to a LuAG:Ce rod. The measured conversion efficiency of blue to green light improved by 10%, if compared to a low-index (n = 1.52) CPC. So, indeed there is potential for this technology.
Furthermore, it has been shown that the shape of the concentrator can be optimized. To this aim, the concentrator surfaces were parametrized as Bézier curves, of which the parameters are optimized. For a low-index (n = 1.52) concentrator, the light leakage can be reduced, but the gain in useful light is only marginal. For a highindex concentrator, the gain in useful light is somewhat more (a few percent). Such optimized concentrators can be manufactured by several techniques, e.g. glass moulding. The method of optimization can be more generally applied to maximize the flux of light in a desired spatial and/or angular region.
